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ABSTRACT 
We have developed a rapid method of identification using 
molecular techniques to detect and differentiate two isolates of 
arbuscular mycorrhizal (AM) fungi. Polymerase Chain Reaction (PCR) 
was used to produce DNA fragments unique to the genomes of Glomus 
mosseae and Gigaspora margarita through RAPD analysis. The 
banding patterns produced by the arbitrary 1 O base primer (5' 
CTGCCGCCAC) resulted in isolate specific fragments which were 
cloned using the pCR II™ cloning vector (lnvitrogen) and 
subsequently sequenced. Sequence data of the fragments led to the 
design of specific primer pairs (5' CTGCCGCCACTGGAACATGATTTTG 
and 5' CTGCCGCCACCAGAAATCGAACCG for Gigaspora margarita , 5' 
CTGCCGCCACCCCTATTTTAATCTAGCand5'CTGCCGCCACTGTCGGAATA 
for Glomus mosseae) which included incorporation of the RAPD 
primer sequence. The presence of these fungi in infected roots can 
be detected even in the company of competing genomic DNA's by the 
amplification of a 269 bp (base pair) fragment from Gigaspora 
margarita, and a 381 bp fragment from G/omus mosseae. This 
approach can be used to study the distribution and variation of AM 
fungi in infected roots. 
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INTRODUCTION 
New technologies and practices which decrease soil erosion 
and increase soil quality and sustainability are of increasing 
interest. As more is learned about soil health and sustainability, 
greater emphasis is being placed on properly managing those factors 
which improve soil health. 
Numerous investigations have demonstrated that certain soil 
fungi, the arbuscular mycorrhizal (AM) fungi aid in transport of 
nutrients to plants and also contribute to soil health (Hayman 1983, 
1987). These fungi form an intimate relationship with plants known 
as a 'fungus-root' or mycorrhiza. Plants involved in a symbiotic 
relationship show increased tolerance to drought, higher resistance 
to soil-borne diseases, and better overall health (Zambolim and 
Schenck 1983). The fungal associations have been shown to increase 
uptake of nutrients such as phosphorus and nitrogen, which leads to 
a gain in plant biomass (Smith et al. 1994). The symbiotic 
relationship is also thought to contribute to improved soil structure 
by the formation of large soil aggregates which reduce surface 
water run-off (Miller and Jastrow 1992). 
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If new agricultural and environmental practices are to be 
developed, the relationship between soil and this diverse group of 
fungal species must be better understood. The inability to grow AM 
fungi in pure culture has prevented their characterization (Simon et 
al. 1993). To better understand mycorrhizal associations, a method 
of characterization and identification is needed. The development of 
DNA-based methods would allow the identification of mycorrhizal 
fungi in otherwise intractable samples and provide a useful tool to 
complement the expertise of fungal taxonomists (Simon et al. 1993). 
The polymerase chain reaction (PCR) allows the identification of 
organisms through amplification of their DNA (Saiki et al. 1988). 
The sensitivity of this technique has been demonstrated through 
experiments showing amplification of single copies of genes 
(Shibata et al. 1988). 
The random amplification of polymorphic DNA (RAPD) PCR 
analysis technique involves the use of short (1 O base) arbitrary 
primers (Williams et al. 1990) which produce patterns of DNA 
fragments characteristic of individual fungal species (Wyss and 
Bonfante 1993). Fragments from this technique specific to a fungal 
species can be isolated and cloned to develop specific markers for 
3 
positive identification of that species. The combined specificity 
and sensitivity offered by PCR would prove useful in the study of AM 




The most widespread mutualisitic associations between plants 
and micro-organisms is the mycorrhizae symbiosis, specifically 
vesicular-arbuscular mycorrhizae (AM) of the Glomales, 
Zygomycetes. The fungi in this order are comprised of the suborder 
Glomineae, having the families Glomaceae and Acaulosporaceae, and 
the suborder Gigasporineae, consisting of the family Gigasporaceae 
(Morton and Benny 1990). Recent assessments concerning the extent 
of colonization by these soil-borne fungi estimate that more than 
80% of all land plants are susceptible (Wyss and Bonfante 1993, 
Morton and Benny 1990). Despite their widespread occurrence, the 
role that fungi play in the behavior and biodiversity of ecosystems 
has received little consideration. This is despite the probability of 
a plant community's structure and function being altered by plant-
fungus associations such as mycorrhizas (Read 1991 ). It is well 
known that the associations or partnerships formed by mycorrhizas 
result in a complex system of hyphae which contribute greatly to the 
plant host and surrounding soil by creating a modified but favorable 
rhizosphere (Sylvia and Williams 1992). 
Studies have confirmed that one of the contributions of 
mycorrhizal fungi is that they are important transporters of 
5 
essential nutrients via hyphae in the rhizosphere of plants. For most 
plants there is a clear relationship between their mycorrhizal 
symbiont and yield sustainability (Hayman 1983, 1987). Essential 
nutrients and moisture used by the plant to grow are provided by 
this relationship. The sensitivity and stability of the hyphal 
relationship was revealed by a demonstration that small 
disturbances of the hyphal network re.suited in lowered nutrient 
levels and dry weights of young plants (Evans and Miller 1988). 
Mycorrhizae also confer drought tolerance and reduce the severity of 
disease in a variety of plant host-pathogen combinations (Zambolim 
and Schenck 1983). 
Hyphal networks also promote soil aggregate formation by 
binding soil particles together (Miller and Jastrow 1992). This 
substantially increases soil water infiltration and decreases soil 
erosion by surface run-off. There is also evidence that these hyphae 
form a network of mycelium which serves as inoculum by which 
plants become colonized (O'Halloran et al. 1986, Evans and Miller 
1988). Hyphae can also survive winter freezing by forming a 
modified or "resting" hypha even in the absence of host plant roots 
to provide this inoculum source in the spring (Addy et al. 1994). In 
fact, plants of one or more taxa can be interconnected by hyphae 
which conduct nutrient flow between plants (Read and Birch 1988). 
Plants with mycorrhizal associations consistently demonstrate 
greater growth and reproduction and their residues leave the soil 
more fertile and less erosive (Miller and Jastrow 1992). 
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Plants involved in this association reap many benefits from 
the fungi, including better uptake of nutrients such as organic 
nitrogen and phosphorus which increases as mycorrhizal infection 
increases, leading to a gain in plant biomass (Smith et al. 1994). In 
addition to increased uptake of nitrogen and phosphorus, elevated 
plant uptake of a variety of other nutrients have also been reported. 
Uptake of calcium, sulfur, zinc, strontium, copper, iron, potassium, 
magnesium, and even cesium and cobalt have been demonstrated 
(Rogers and Williams 1986). Though nutrient uptake of essential 
elements is improved through the introduction of mycorrhizal fungi, 
there is evidence that additions of nutrients such as phosphate, have 
a negative effect on the ability of mycorrhizal fungi to infect roots 
and reproduce (Giovannetti and Gianinazzi-Pearson 1994). 
Widespread understanding of this outcome could lead to reduced 
chemical fertilizer applications and promote a more effective 
understanding of their sensitivities (Smith et al. 1994). 
Mycorrhizal · Taxonomy and Characterization 
To gain a better understanding of mycorrhizal associations, 
there must first be a method to characterize and identify the fungi. 
Arbuscular mycorrhizae are one of the few plant-fungus 
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associations with a fossil record, but little is known about their 
evolution (Simon et al. 1992). Characterization of these 
microsymbionts has been delayed because of the inability to grow 
them in pure culture (Simon et al. 1993). For this reason, all stocks 
must be maintained as pot cultures on cqlonized roots. These fungi 
have large lipid reserves in spores (Beilby and Kidby 1980), and 
though not well understood, there is evidence that various nutrients 
may be responsible for inhibiting the growth of AM fungi (Daniels 
and Graham 1976, Siqueira et al. 1982). Absence of nuclear division 
during in vitro development of these fungi has also been shown and 
it has been proposed that the host plant controls the fungal life-
cycle through this interference, resulting in the failure to obtain 
pure cultures (Burggraaf and Beringer 1988). 
Mycorrhizal Identification 
Previous attempts to identify and characterize arbuscular 
mycorrhizal fungi were based on the distinct morphology of the 
spores, as it is virtually impossible to distinguish the mycelium of 
species in the root tissue (Giovannetti and Gianinazzi-Pearson 
1994). Because morphological characteristics are used, there is 
difficulty in discerning closely related fungi (Wilson et al. 1983). 
This is the case for techniques such as staining roots, in which 
arbuscular mycorrhizas can be distinguished from other fungi but 
not from each other (Koske and Gemma 1989). To assess the 
infection process and effectiveness of these endophytes, more 
dependable methods of identification of AM fungi are required 
(Abbott and Robson 1982). This is especially important when 
studying the colonization by a particular fungus (Wright and Morton 
1989). For this reason, and because AM fungi cannot be cultured, 
there is little information available concerning their karyogamy or 
meiosis. The genetic basis of variation among mycorrhizal fungi is 
poorly known (Giovannetti and Gianinazzi-Pearson 1994). 
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Genetic Variation for Identification 
The inability to culture many of these fungi, which colonize in 
and around roots, makes their identification difficult. Various 
techniques such as fluorescent single-strand conformation 
polymorphism-polymerase chain reaction, immunofluorescence, dot-
immunoblot assays, enzyme-linked immunosorbent assays (ELISA), 
and restriction fragment length polymorphisms (RFLP) have been 
applied to try and identify various isolates of AM fungi. Because 
these fungi can not be cultured, the development of sensitive and 
specific DNA-based characterization methods, such as PCR, would 
allow the identification of mycorrhizal fungi in intractable samples 
and provide a useful tool for fungal taxonomy (Simon et al. 1993). 
The technique of PCR (Polymerase Chain Reaction) would be 
useful because of its ability to amplify small amounts of DNA many 
times (Wyss and Bonfante 1993). The concentration of product 
generated is the result of an exponential increase through the 
doubling of the reaction product in each cycle (Mullis and Faloona 
1987). In fact, the amount of DNA template required to initiate the 
amplification is so minute that single copies of genes have been 
amplified (Shibata et al. 1988). Successful amplifications of 
1 0 
specific DNA fragments are possible from a heterogeneous mixture 
of sequences (Bruns et al. 1990). The sensitivity offered by PCR in 
the presence of contaminating DNA could allow for identification of 
these fungi. 
Analyses based on PCR polymorphisms generated from 
arbitrary decamer primers are presently being used to examine 
genetic relationships among a wide array of taxonomic groups 
(Williams et al. 1990). This RAPD (Random Amplified Polymorphic 
DNA) marker analysis is being used to delineate distinct genotypes 
in closely related individuals, including fungi (Jacobson et al. 1993). 
PCR has been used to design primers that can distinguish between 
AM fungi and other fungi; however, these primers could not 
distinguish related species like the RAPD technique (Wyss and 
Bonfante 1993). 
Specific patterns or fingerprints of DNA can be obtained from 
a sample of any organism (Saiki et al. 1988) and the resulting 
polymorphisms become useful tools in the construction of genetic 
maps (Williams et al. 1990). RAPD fingerprints are capable of 
detecting these polymorphic loci in segregating progeny because the 
segments produced are inherited as dominant markers (Doudrick et 
1 1 
al. 1993). Markers specific to an individual can be used to study the 
occurrence of genetic variation within a group (Williams et al. 
1990). 
Development of SCARS 
Polymorphic bands detected through RAPD analysis are 
appropriate candidates to be cloned and sequenced allowing for the 
design of species, isolate, or line-specific primers (Wyss and 
Bonfante 1993). These tagged sites or sequence characterized 
amplified regions (SCARS) are the products of cloned RAPD 
fragments and result in the amplification of a single product of the 
same size (Paran and Michelmore 1992). 
The production of SCARS would serve as genetic markers for 
the development of an identification technique for AM fungi that is 
similar to that already available for ectomycorrhizal fungi (Simon 
et al. 1992). Similar techniques have been used extensively to 
resolve the identities of strains within other fungal species 
(Strongman and MacKay 1993). The same technique may be used to 
study the biodiversity of individual populations of AM fungi. 
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MATERIALS AND METHODS 
Mycorrhizal Fungal Species 
The two isolates Gigaspora margarita and Glomus mosseae 
were provided by Gail Wilson (Department of Plant Pathology, Kansas 
State University, Manhattan, Kansas) as pot cultures to initiate the 
study (Table 1 ). Each isolate had been propagated and maintained in 
pot cultures with asparagus ( GI. mosseae) or soybean ( Gi. margarita) 
as the plant host. Two additional sets of fungal isolates used in this 
study (Tables 2, 3) were identified (Shenck and Perez 1990) and 
obtained from the International Culture Collection of Arbuscular and 
Vesicular-Arbuscular Mycorrhizal Fungi (INVAM) at West Virginia 
University. They were available in the form of spores in a sand-soil 
medium. 
Before being cultured in the sand-soil medium, the isolates 
were propagated on either asparagus (Asparagus officionalis L.) or 
sorghum (Sorghum bico/or L.). The cultures were then grown 
according to a protocol by Bentivenga and Morton (1994) which 
included growth in Cone-tainers™ (Stuewe and Sons, Inc., Corvallis, 
OR) containing 150 g of sand-soil mix. The sand-soil mixture 
contains one part Lily series soil and two parts no. 3 quartzite sand 
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which has been steamed at 100 °C for two 1 hr periods and allowed 
to equilibrate at pH 6.2. Cultures were propagated in a growth room 
with an average temperature of 24-30 °C. All spores were 
immediately stored at 4 °C in the form in which they were received, 
as well as throughout the course of this study. 
Table 1 Pot culture isolates of mycorrhizal fungi 
Fungus Source 
Gigaspora margarita (#4314) 
G/omus mosseae 
Kansas field soil; KSU 
Kansas field soil; KSU 
Glomus mosseae was grown in pot cultures with the host plant 
asparagus. Gigaspora margarita was grown in pot cultures with 
soybean and was designated 4314 as an isolate number. Both 
isolates were propagated in culture with Kansas field soil from 
Kansas State University. 
Table 2 Isolates of mycorrhizal fungi 
Fungus INVAM Isolate number 
Acaulospora rugosa WV949-3 
Acau/ospora spinosa NC105A-3 
Entrophospora co/umbiana CL356-3 
Entrophospora sp. WV201-3 
Gigaspora a/bida BR214-2 
Gigaspora gigantea MN922A-2 
G/omus etunicatum UK211100 
Scutellospora heterogama BR154-5 
INVAM Isolate number WV201-3 has the genus name 
Entrophospora. There is no species name associated with it at the 
present time. All isolates are in the form of spores in a sand:soil 
mixture. 
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Table 3 Various isolates of two G/omus species 
Fungus INVAM Isolate number 
Glomus manihot GA980-2 
G/omus manihot KY305-2 
Glomus clarum NC112-2 
G/omus manihot FL879-4 
G/omus clarum FL239-4 
G/omus manihot CL976-2 
G/omus clarum CL883A 
G/omus clarum WV751-4 
G/omus clarum WV979A-2 
G/omus clarum WV105A-2 
G/omus clarum BR143A-3 
G/omus clarum BR144-3 
Various isolates of these two Glomus species were used to 




Mycorrhizal Fungi from Pot Cultures 
1 6 
Spores were extracted from pot cultures utilizing a protocol 
by Daniels and Skipper (1982). Approximately 200-300 grams of 
soil containing roots from the host plant were placed in a blender 
with 0.5 L of tap water. Soil and roots were homogenized by 
blending for 2-3 min. Dense material was allowed to settle before 
the supernatant was transferred to a testing sieve (opening of 63 
µm). An additional 0.5 L of water was added and the mixture was 
shaken to resuspend any material that had settled out. The dense 
material was again allowed to fall out of suspension before the 
supernatant could be poured into the sieve. This procedure was 
continued until the solution started to clear, leaving only sand and 
other heavy material on the bottom. This was followed by wet-
sieving to further separate and clean any spores present. 
Tap water was run over the sieve until all dirt and smaller 
material was washed through. Remaining material was decanted and 
placed in a 100 ml beaker. 
Discontinuous sucrose (Matheson, Coleman, and Bell, Norwood, 
Ohio) gradients (10 mis each of 60%, 40%, and 20% sucrose) were 
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prepared in 50 ml plastic test tubes using a sterile 60 cc syringe. 
Each gradient was overlaid with 10 ml of the solution containing the 
spores. Tubes were spun in a swinging bucket centrifuge at 3000 x g 
for 3 min. Following centrifugation, the supernatant containing 
spores at the gradient interfaces was retrieved, poured back into the 
sieve, and washed with tap water to remove the sucrose. Spores 
were washed from the sieve into petri dishes to be examined and 
prepared for DNA isolation. 
A protocol for collection and surface sterilization of the 
spores (Daniels and Skipper 1982) was used to eliminate surface 
contaminants. Spores were examined under a dissecting microscope 
to ensure the same morphotype, and were then collected individually 
by pipetting or by using a forceps. Spores were placed on a No. 1 
Whatman filter paper (9.0 cm) and continually rinsed with ample 
amounts of twice distilled water. The filter was washed for 3 min 
with a 10% Clorox (NaOCI) solution, followed by three rinses of 
sterile distilled deionized water. Spores were placed in sterile 0.5 
ml microcentrifuge tubes containing 1 X TE (1 O mM Tris-HCI, pH 7.5, 
1 mM EDT A) using sterile forceps. 
DNA preparations were made using a modified procedure 
similar to that of Wyss and Bonfante (1993). Five to ten spores 
were individually crushed in 100 µI of 1 X TE. Che lex 100, a 
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chelating resin containing iminodiacetic acid, was added to one-half 
the volume of 1 X TE. The microcentrifuge tubes were vigorously 
vortexed for 1 0 sec to further homogenize the spores. The spore 
preparations were placed in a boiling water bath for 3 min. The 
tubes were centrifuged at 14000 x g for 6 min following heating to 
eliminate contaminants and other heavier material from interfering 
with the DNA left in solution. Supernatant containing fungal 
genomic DNA was removed by pipetting, placed in sterile 1.5 ml 
microcentrifuge tubes, and stored at -20 °C awaiting quantitation 
for use in PCR reactions. 
Mycorrhizal Fungi from Sand:Soil Mixture 
Mycorrhizal fungal isolates shown in Tables 2 and 3 were 
present as spores in a sand:soil medium. Because of the lack of 
hyphae and infected roots, blending and sucrose density gradient 
centrifugation used on the pot cultures were not required. 
Approximately 30 ml of the spore-containing mixture was 
wet-sieved and decanted into petri plates to separate spores from 
1 9 
the combination soil and quartzite sand. From this step on, the 
procedure for DNA isolation was identical to that of the mycorrhizal 
fungal pot cultures. 
Mycorrhizal Fungi Infected Roots 
For this DNA isolation procedure, a protocol was needed that 
would allow for total extraction from the infected roots as well as 
from the infecting fungus, but would still produce high quality DNA 
that could be used in PCR reactions. A protocol by Graham et al. 
(1994) provided the basis for the DNA isolation procedure, but 
various modifications of the protocol were needed. Roots from the 
isolates in Table 1 were wet-sieved to remove excess soil. The 
roots were frozen in liquid nitrogen and ground to a fine powder 
with a mortar and pestle. The tissue was weighed and placed in 1 .5 
ml centrifuge tubes, then 1 ml of extraction buffer (2% [wt/vol] 
hexadecyltrimethylammonium bromide [CTAB; Sigma Aldrich] in 100 
mM Tris-HCI, pH 8.0, 1.4 M NaCl, 20 mM EDTA) was added per gram 
and mixed by inversion. Samples incubated in a water bath at 50 °C 
for 40 min. Following incubation, the samples were placed in a 
microcentrifuge for 5 min at 14000 x g. After centrifugation the 
supernatant was pipetted into sterile 1.5 ml centrifuge tubes and 1 
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volume of chloroform:isoamyl alcohol (24:1 vol/vol) was added and 
mixed by gentle inversion. Immediately after addition of the 
chloroform:isoamyl alcohol, the samples were centrifuged for 30 sec 
at 14000 x g. The upper aqueous phase was collected and placed in 
sterile 1.5 ml centrifuge tubes. Samples were treated with 100 
µg/ml of RNase for 50 min in a 37 °C incubator, followed by the 
additon of 1/10 volume of 7.5 M ammonium acetate (NH4OAc) and 2 
volumes of ice-cold absolute ethanol. The samples were mixed by 
gentle inversion of the centrifuge tubes. To ensure precipitation of 
the DNA, the preparations were chilled at -20 °C for 1 hr or at -75 
°C for 15 min. Tubes were centrifuged at 14000 x g at 4 °c for 3 
min to pellet the DNA. The supernatant was discarded and the DNA 
pellet washed twice with 70% ethanol by gentle inversion. Samples 
were covered and placed at room temperature overnight in a drawer 
to dry the DNA pellet. Dried preparations were resuspended in 50 µI 
of sterile distilled deionized RNase/DNase-free water and stored at 
-20 °C. The quantity of all fungal DNA was determined by 
spectrophotometry before use in amplification reactions. 
RAPD Assay 
Selection of Primer 
A series of 1 O base primers were obtained from the Nucleic 
Acid-Protein Service Biotech Laboratory, University of British 
Columbia, Vancouver, Canada and tested along with primers 
sythesized in our laboratory. All primers were screened to 
determine their potential to distinguish among various isolates of 
mycorrhizal fungi. Only the 10-mer primers that distinguished 
between isolates but still established reproducible PCR products 
were selected for further study. 
Amplification Conditions 
21 
The 10 µI RAPD PCR amplification reactions contained 25 ng of 
fungal DNA, 200 µM each of dATP, dCTP, dGTP ,and dTTP, 500 µg/ml 
BSA, 20 mM KCI, 50 mM Tris-HCI pH 8.3, 3.0 mM MgCl2, 1 mM 
Tartrazine, 0.5% Ficoll, 0.4 µM 10-mer primer, 1.0 unit of ~ Taq® 
DNA polymerase (United States Biochemical, Cleveland, Ohio), and 
water. Amplification reactions were carried out using a 1605 Air 
Thermo-Cycler (Idaho Technology, Idaho Falls, ID) which produces a 
series of heating and cooling periods to amplify short segments of 
DNA. 
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The Thermo-cycler was programmed to perform 2 cycles of 
denaturation, annealing, and elongation at 94 cc for 1 min, 42 cc for 
7 sec, and 72 cc for 35 sec, respectively. Thirty-eight additional 
cycles were performed at 94 °C holding for 0 sec, 42 cc for 7 sec, 
and 72 cc for 35 sec. A final hold temperature of 72 cc for 4 min 
was performed to ensure complete elongation (Skroch and Nienhuis 
1992). 
Isolation of PCR Product 
Unique bands or PCR products were selected from RAPD 
banding patterns for developing a pair of specific primers to be used 
as genomic markers. These bands were excised from the agarose gel 
and placed on a No. 1 Whatman filter paper cut to fit a 0.5 ml PCR 
tube containing a small hole in the bottom. This was placed in a 1.5 
ml microcentrifuge tube and spun for 15 sec at 14000 x g 
(Weichenhan 1991 ); the sample was collected at the bottom. To 
ensure an ample amount of the PCR product for use in the ligation 
reaction, a portion of the collected sample was used to synthesize 
additional product through PCR. 
The 25 µI RAPD PCR amplification reactions contained 1 µI of 
PCR product, 357 µM each of dATP, dCTP, dGTP,and dTTP, reaction 
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buffer (50 mM KCI, 10 mM Tris-HCI, pH 8.0), 2.5 mM MgCl2, 0.04 µM 
10-mer primer, 2.0 units of ~ Taq® DNA polymerase (USB), and water. 
The primer used in these reactions was identical to that used in the 
previous reactions. Reactions were performed on a Thermolyne 
Amplitron®I thermal cycler because of its ability to handle large 
volume reactions. Reaction conditions were slightly different than 
those used on the 1605 Air Thermo-Cycler for this reason. 
The thermal cycl_er was programmed to perform an initial 
cycle of denaturation, annealing, and elongation at 95 °C for 3 min, 
36 °C for 2 min, and 72 °c for 2 min, respectively. Forty subsequent 
cycles were performed at 95 °C for 1 min, 40 °C for 2 min, and 72 °C 
for 2 min. This was followed by a 7 min elongation step at 72 °C. 
Ligation of RAPD PCR Product and Vector 
The pCR II™ vector is a linear molecule that contains single 3' 
T-overhangs at the insertion site for direct insertion of PCR 
products. This is made possible by the nontemplate-dependent 
activity of thermostable polymerases used in PCR that adds a single 
deoxyadenosine to 3' ends of duplex molecules. The 7 min elongation 
step at the end of PCR ensured addition of the deoxyadenosine. A 
successful ligation produces a vector containing the inserted PCR 
product flanked on both sides by modified Eco R1 sites. 
In addition to the unique 3' T-overhangs, the pCR II™ vector 
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has other important characteristics. The vector contains a lacZ gene 
for blue-white selection of bacterial colonies, kanamycin and 
ampicillin resistance genes, and a polylinker. It also has a F1 origin 
for rescue of single-stranded DNA and RNA promoters for production 
of RNA transcripts. 
Fresh PCR product from the previous reaction was used to 
perform a direct ligation to the pCR II™ vector. The ligation mixture 
contained 5 µI of sterile water, 1 µI of 1 OX ligase buffer (0.5 M 
Tris-HCI, pH 7.5, 50 mM MgCl2, 50 mM OTT, 0.5 mg/ml BSA), 2 µI of 
pCR II™ vector (25 ng/µI), and 2 µI PCR product. This mixture was 
placed in a 15 °C water bath for 20 hr. The 1 :3 molar ratio of 
vector:PCR product was used for optimal ligation efficiencies. 
Transformation and Cloning of Vector 
The transformation protocol and competent cells were 
provided by the TA Cloning® Kit (lnvitrogen, San Diego, CA). The 
plasmid vectors were transformed into a strain of Escherichia coli 
competent cells known as INVaF'. This strain provides for blue-
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white screening of recombinant plasmids and is recommended for 
stable replication of high copy number plasmids. The chemical 
transformation protocol (Hanahan 1983) was modified slightly. 
Ampicillin was used instead of kanamycin to select transformants 
and a larger amount of ligation mixture was also used. 
The transformation protocol began with the addition of 2 µI of 
~-mercaptoethanol to each vial containing 50 µI of competent cells. 
The solution was mixed by stirring followed by the addition of 3 µI 
of the ligation reaction product. Each vial was incubated on ice for 
30 min and transferred to a 42 cc water bath for exactly 30 sec 
before being placed back in ice for 2 min. Following heat shock, 450 
µI of prewarmed SOC (2% [wt/vol] Bacto Tryptone, 0.5% [wt/vol] 
yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl2 , 10 mM MgSO4 , 
20 mM glucose) medium was added, and each vial was placed in a 37 
cc rotary shaking incubator for 1 hr. Vials were then placed on ice 
followed by the preparation of spread plates using 25 µI and 100 µI 
of the transformation mixture. LB (Bacto Tryptone, Bacto Yeast 
Extract, Sodium Chloride) agar plates contained 50 µg/ml of 
ampicillin and 1 mg/ml of X-Gal (5-bromo-4-chloro-3-indolyl-B-o-
galactopyranoside). Plates were incubated at 37 cc for 24 hr. 
Purification of Plasmid Vector 
Following transformation of the vector into INVaF', sterile 
flasks containing Terrific Broth were inoculated with bacterial 
colonies and grown for 24 hr. Terrific Broth was used in the place 
of Luria Broth because of its ability to increase the numbers of 
bacteria per milliliter four to eight fold (User Bulletin 18). After 
propagation of the bacteria, an improved plasmid preparation 
procedure was performed (Maniatis et al. 1982). 
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This new alkaline-lysis method included a PEG (Polyethylene 
Glycol) precipitation step at the end of the protocol, which was very 
important because it produced clean plasmid DNA free from 
chromosomal DNA that would obstruct sequencing of the plasmid. 
Sequencing of the plasmid required an A260/ A280 ratio of at least 1.8. 
The protocol produced DNA plasmid preparations with ratios as high 
as 2.4, leading to excellent sequence information. These high 
plasmid yields were attributable to enhanced bacterial growth in 
Terrific Broth and to the modified plasmid isolation. Plasmids were 
sequenced at the DNA sequencing facility, Cornell University, Ithaca, 
New York. 
Analysis of Plasmid Vector 
Restriction Enzyme Analysis 
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Prior to sequencing, it was necessary to determine which 
cultures contained the transformed plasmid. Crude preparations 
were initially screened for the presence of the transformed cloned 
plasmid by subjecting them to the restriction enzyme Eco R1. 
Enzyme digestions were carried out by preparing a 10 µI reaction 
mixture containing 3 µI of crude plasmid DNA, 4 µI of water, 1 µI of 
restriction buffer (100 mM Tris-HCI, pH 7.5, 100 mM MgCl2 , 10 mM 
dithiothreitol, 1 mg/ml bovine serum albumin, 1 M NaCl), 1 µI of Eco 
R1, and 1 µI of RNase (333 µg/ml) and incubaing the mixture at 15 
~C for 5 hr. 
PCR Analysis 
Further analysis of the transformants was performed by PCR 
using a pair of M13 forward and reverse primers (Sigma, St. Louis, 
MO) similar to those used for sequencing. The primers flank the 
insertion point of the PCR product by approximately 100 base pairs 
on both sides. 
Reaction mixtures of 10 µI contained 50 ng of plasmid DNA, 
200 µM each of dATP, dCTP, dGTP,and dTTP, 500 µg/ml BSA, 50 mM 
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Tris-HCI, pH 8.3, 3.0 mM MgCl2, 1 mM Tartrazine, 0.5% Ficoll, 0.5 µM 
M13f and M13r primers, 1.0 unit of LlTaq® DNA polymerase (USB), and 
water. Reactions were carried out on the 1605 Air Thermo-Cycler 
which was programmed to perform an initial denaturation at 95 °C 
for 1 min followed by 30 cycles of denaturation, annealing, and 
elongation at 94 °C hold for O sec, 60 °C hold for O sec, and 72 °C for 
35 sec, respectively. 
Specific Marker Assay 
Nucleotide sequence information of the insert in the pCR 11™ 
vector led to development of primers specific for the insert. 
Oligonucleotide primers were synthesized on a Beckman 1000 
oligonucleotide synthesizer, cleaved, deprotected, and vacuum 
desiccated. Primers were quantitated by spectrophotometry, diluted 
to 5 µM, and stored in aliquots for use in PCR to avoid denaturation 
by freezing and thawing. 
For PCR analysis using synthesized specific primers, the DNA 
was amplified in 10 µI reaction mixtures containing 25 ng of 
genomic DNA, 200 µM each of dATP, dCTP, dGTP ,and dTTP, 500 µg/ml 
BSA, 50 mM Tris-HCI pH 8.3, 3.0 mM MgCl2 , 1 mM Tartrazine, 0.5% 
Ficoll, 0.5 µM of forward and reverse specific primers, 1.0 unit of 
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~ Taq® DNA polymerase (USB), and water. Amplifications were 
performed on an Idaho Technology 1605 Air Thermo-Cycler which 
was programmed to perform an initial denaturation at 94 °C for 1 
min followed by 35 cycles of denaturation, annealing, and elongation 
at 94 °C for 0 sec, 55 °C or 50 °C for 0 sec, and 72 °C for 35 sec, 
respectively. 
PCR products from this and all reactions were visualized on 1 % 
agarose gels containing TAE (40 mM Tris-acetate, ph 8.5, 2 mM 
Na2EDTA-2H 20} buffer and 0.5 µg/ml of ethidium bromide by placing 
them on an ultraviolet transilluminator (Maniatis et al. 1982). 
Pictures of gels were stored in the computer as digitized images in 
the agarose gel analysis program NIH Image. 
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RESULTS 
Testing of RAPD Assay 
PCR was performed on unknown isolates from soil samples 
obtained from the agricultural test plot at the University of 
Northern Iowa using 10 base primers (5' CCACCGCGCC) and (5' 
CTGCCGCCAC). Consistent and reproducible banding patterns for 
these unknown samples was not expected. They were tested to 
observe whether the surface sterilization procedure would affect 
production of a banding pattern and also to ensure that only DNA of 
the spore was being amplified (Figure 1 ). 
Known fungal isolates were then tested by screening numerous 
10-base oligonucleotide primers against their genomic DNA. 
Primers were selected only if the banding pattern was distinctive 
and reproducible. The length of amplification products was never 
less than 200 bp and never exceeded 1000 bp for any 10-mer tested. 
The number of products ranged from 2-1 0 with large and small 
products in some isolates not consistently observed. 
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Figure 1. DNA amplification products of unknown isolates from the 
agricultural test plot at the University of Northern Iowa. PCR 
products were separated electrophoretically and stained with 
ethidium bromide. The figure is a digitized negative of the agarose 
gel showing amplification products from left to right of unknown 
isolates 1-4 amplified with a single RAPD 10-mer primer 
(5' CTGCCGCCAC). Lanes 5-8 contain the same four unknowns 
amplified with the 10-mer primer (5' CCACCGCGCC). Lane 123, 
molecular weight ladder having fragment sizes starting at 123 b.p. 
at the bottom and increasing by multiples of 123. Lane HM, 
molecular weight marker of lambda Hind Ill digest (USB) having 
fragment sizes of 23130, 9416, 6557, 4361, 2322, 2027, and 564 
b.p. 
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Selection of PCR Product for Specific Marker 
Using the 1 O base primer (S'CTGCCGCCAC) the two isolates 
Gigaspora margarita and Glomus mosseae generated reproducible and 
distinguishable patterns (Figure 2). Amplifications of the rest of 
the isolates using the same primer did not produce distinct and 
reproducible patterns (Figures 3 and 4). Reproducibility was 
considered established after performing the reaction at least twice. 
An amplified product present in only one of the two isolates was 
selected for further analysis. These species-specific differences or 
polymorphisms were of great importance in developing specific 
markers. 
Screening Recombinant Clones 
Conditions for ligation of PCR products to the pCR II™ cloning 
vector were optimal. This resulted in optimal transformation 
efficiencies of the TA Cloning® One Shot™ competent cells, yielding 
at least 1 X 1 oa transformants/µg of supercoiled plasmid. 
White colonies were picked to inoculate cultures for plasmid 
isolation, restriction analysis, PCR, and sequencing. Because PCR 
products from both Gigaspora margarita and Glomus mosseae were 
less than 500 bp, some light blue, rather than white, colonies 
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Figure 2. Amplification products of RAPD analysis using the 10-mer 
primer (5' CTGCCGCCAC). PCR products were separated 
electrophoretically and stained with ethidium bromide. Lanes 1-4 
contain reproducible banding patterns of Gigaspora margarita, and 
lanes 5-6 contain reproducible banding patterns of Glomus mosseae. 
Lane 123, molecular weight ladder having fragment sizes starting at 
123 b.p. at the bottom and increasing by multiples of 123. Lane HM, 
molecular weight marker of lambda Hind Ill digest (USB) having 









Figure 3. Amplification products of RAPD analysis using the 10-mer 
primer (5' CTGCCGCCAC). PCR products were separated 
electrophoretically and stained with ethidium bromide. Lanes 1-11 
contain, from left to right, Gigaspora gigantea, Gigaspora albida, 
Gigaspora margarita, Entrophospora co/umbiana, Entrophospora sp., 
Acaulospora spinosa, Acau/ospora rugosa, G/omus etunicatum, 
G/omus mosseae, Scutellospora heterogama, and no template. Lanes 
HM, molecular weight marker of lambda Hind Ill digest (USB) having 








Figure 4. Amplification products of RAPD analysis using the 10-mer 
primer (5' CTGCCGCCAC). PCR products were separated 
electrophoretically and stained with ethidium bromide. Lanes 
1,2,4,and 6 contain amplification products from G/omus manihot, 
lanes 3,5,and 7-12 from Glomus clarum. Lane 13 is a blank 
containing no DNA template. Lanes HM, molecular weight marker of 
lambda Hind Ill digest (USB) having fragment sizes of 23130, 9416, 
6557, 4361, 2322, and 2027 b.p. 
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appeared. This is a result of nondisruption of the reading frame of 
the lac Z gene, so these colonies were treated as if they were white. 
All cultures were first screened for presence of plasmids 
using a fast one-tube crude preparation (Liu and Mishra 1995) 
(Figure 5). The protocol produced a large amount of RNA because it 
did not call for the use of RNase. These same preparations were 
digested using Eco R1 to detect the presence of the cloned insert 
(Figure 6). Transformants were analyzed further using PCR on crude 
preparations with M13 primers similar to those used in sequencing 
(Figure 7). 
Selection of Transformant for Sequencing 
Following screening, two cultures from each species 
containing the plasmid were reinoculated and incubated. The alkaline-
lysis/PEG precipitation protocol was performed on three 
replications of each culture. From a possible twelve samples, one 
replicate sample produced plasmid DNA with the A260/ A280 ratio of 
1.8 required for sequencing. These four clean samples were tested 
immediately before sequencing. Each sample was digested with Eco 
R1 and tested by PCR using M13 primers (Figure 8). The sample from 









Figure 5. One tube crude plasmid preparation of cultures inoculated 
with transformed colonies. PCR products were separated 
electrophoretically and stained with ethidium bromide. Lanes 1-6 
contain plasmid preparations of cultures transformed with the pCR 
II™ vector containing the insert for Gigaspora margarita; lanes 7-12 
contain those of Glomus mosseae. The bands present in lanes 3-5 
and 8-12 at approximately 2322 b.p. are predicted to be supercoiled 
forms of the plasmid containing the inserts. The bands at 
approximately 4361 are predicted to be relaxed forms of the same 
plasmid, and the bands at 6557 are predicted to be linear forms of 
the plasmid. Lanes 1,2, and 7 contain no plasmid, and lane 6 
contains a plasmid with no insert. Large amounts of RNA are present 
at the bottom of the gel. Lanes HM, molecular weight marker of 
lambda Hind Ill digest (USB) having fragment sizes of 23130, 9416, 









Figure 6. Restriction enzyme analysis on plasmids from one tube 
crude plasmid preparation using Eco R1. PCR products were 
separated electrophoretically and stained with ethidium bromide. 
Lanes 1-6 contain plasmid preparations on cultures transformed 
with the pCR II™ vector containing the insert for Gigaspora 
margarita; lanes 7-12 contain those of Glomus mosseae. The bands 
at approximately 4361 are relaxed forms of the plasmid. The bands 
at approximately 270 bp indicate the presence of the insert in 
preparations 3-5 for G. margarita. Bands at roughly 380 bp in lanes 
8-12 are the insert for G. mosseae. Lane 6 contains a plasmid with 
no insert. Lanes HM, molecular weight marker of lambda Hind Ill 
digest (USB) having fragment sizes of 23130, 9416, 6557, 4361, 









Figure 7. PCR analysis using M13 primer pairs on one tube crude 
plasmid preparations. PCR products were separated 
electrophoretically and stained with ethidium bromide. Lanes 1-6 
contain plasmid preparations of cultures transformed with the pCR 
II™ vector containing the insert for Gigaspora margarita; lanes 7-12 
contain those of Glomus mosseae. The bands at approximately 2322 
are supercoiled forms of the plasmid containing the insert. The band 
at approximately 370 bp indicates amplification of the insert in 
preparation 5 for G. margarita. Bands at roughly 480 bp in lanes 8-
12 are the amplified insert for G. mosseae. Lane 6 contains a 
supercoiled plasmid with no insert. Lanes HM, molecular weight 
marker of lambda Hind Ill digest (USB) having fragment sizes of 








Figure 8. Analysis of two cultures each of G. margarita and G. 
mosseae to determine candidacy for sequencing. PCR products were 
separated electrophoretically and stained with ethidium bromide. 
Lanes 1-3 and 4-6 contain clean plasmid preparations on two 
cultures of Gigaspora margarita; lanes 7-9 and 10-12 contain those 
of Glomus mosseae. Lanes 1,4,7, and 10 contain clean plasmid and 
insert, 2,5,8, and 11 are Eco R1 digestions, and 3,6,9, and 12 are PCR 
analyses using M13 primers. The bands at approximately 2322 are 
supercoiled forms of the plasmid containing the insert, and the 
bands at 6557 are linear forms of the plasmid. The bands at 
approximately 370 bp indicate amplification of the insert in 
preparations 3 and 6 for G. margarita. Bands at roughly 480 bp in 
lanes 9 and 12 are the amplified insert for G. mosseae. The bands at 
3900 bp in the digest lanes are relaxed forms of the plasmid. Lanes 
HM, molecular weight marker of lambda Hind Ill digest (USB) having 
fragment sizes of 23130, 9416, 6557, 4361, 2322, and 2027 b.p. 
to be sequenced. The Gigaspora margarita and G/omus mosseae 
samples had A260/A280 ratios of 2.43 and 1.83, respectively, and 
contained 425.8 and 551.1 ng/µI of DNA, respectively. 
Designing Specific Primers 
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Sequences of the insert in the pCR 11™ vector allowed for 
design of specific primers (Figure 9). Sequence information for the 
two isolates was excellent, suggesting very clean DNA preparations. 
The exact size of each insert was determined to be 269 bp for Gi. 
margarita and 381 bp for G/. mosseae. 
Primer sequences were designed from sequence information 
and tested on the computer program Amplify prior to synthesis. The 
10-mer primer sequence from the RAPD analysis was incorporated 
into the design of specific primers. Regions of DNA amplified with 
such primers are often referred to as Sequence Characterized 
Amplified Regions (SCARS). Forward and reverse primers for Gi. 
margarita were 24 and 25 bp, respectively. The 24-mer had a CG 
composition of 62.5%, and the 25-mer a CG composition of 52%. GI. 
mosseae forward primer was 20 bp with 55% CG, and the reverse 
was 27 bp at 51 % CG. Primers were synthesized in the laboratory on 
a Beckman Oligo 1000 DNA synthesizer. 
Gigaspora margarita Sequence Characterized Amplified Region 



















Figure 9. DNA sequence of the genome specific fragments generated 
by RAPD amplification. The sequences used to generate specific PCR 
primers are underlined in each sequence. The underlined sequence at 
the 3' end for each species is the reverse complement of the primer 
actually synthesized. 
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Optimization of Specific Primers 
Primers (5' CTGCCGCCACTGGAACATGATTTTG) and 
(5' CTGCCGCCACCAGAAATCGAACCG) were designed to specifically 
identify Gi. margarita. The primers for identification of GI. mosseae 
contained sequences (5' CTGCCGCCACCCCTATTTTAATCTAGC) and (5' 
CTGCCGCCACTGTCGGAATA). Because the GC composition in these 
sequences was just above 50%, with the exception of the forward 
24-mer for. Gi. margarita, the annealing temperature was a critical 
factor in the success of the PCR reactions. An annealing 
temperature of 52 °C at 3.0 mM MgCl2 was tested initially. 
Oligonucleotide primers for each species were tested with that 
species and also against one another (Figure 10). 
Optimization was carried out by performing a series of 
positive controls. Reactions with each species and the appropriate 
primers were performed at three different temperatures and either 
2.0 mM MgCl2 or 3.0 mM MgCl2 (Figure 11 ). Because the reactions 
involving Gi. margarita worked equally well regardless of 
temperature and MgCl2 concentration, 55 °C at 3.0 mM MgCl2 was 
chosen as the annealing temperature for further amplifications. 









Figure 10. Initial test of specificity using primers (5' 
CTGCCGCCACTGGAACATGATTTTG, 5'CTGCCGCCACCAGAAA TCGAACCG) 
for G. margarita and primers (5'CTGCCGCCACCCCT ATTTTAATCTAGC, 
5'CTGCCGCCACTGTCGGAATA) for G. mosseae. PCR products were 
separated electrophoretically and stained with ethidium bromide. 
Lanes 3-4 contain primer pairs developed for G. margarita, and lanes 
1-2 contain those developed for G. mosseae. Lanes 2,4 contain G. 
margarita template, while 1,3 have the G. mosseae template. Lanes 
1,4 show amplification of fragments of the same molecular weight 
as those originally isolated from RAPD analysis. Lane HM, molecular 
weight marker of lambda Hind Ill digest (USB) having fragment sizes 








Figure 11. Optimization of specific primers by temperature and 
MgCl2 concentration. PCR products were separated 
electrophoretically and stained with ethidium bromide. Lanes 1-2, 
5-6, and 9-10 contain G. margarita specific reactions at 50 °C, 52 
°C, and 55 °C, respectively. Lanes 3-4, 7-8, and 11-12 contain G. 
mosseae specific reactions at 50 °C, 52 °C, and 55 °c, respectively. 
The reactions in lanes 1, 3, 5, 7, 9, and 11 were performed using 3.0 
mM MgCl2, and the reactions in lanes 2, 4, 6, 8, 10, and 12 using 2.0 
mM MgCl2. Lanes HM, molecular weight marker of lambda Hind Ill 
digest (USB) having fragment sizes of 23130, 9416, 6557, 4361, 
2322, and 2027 b.p. 
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stringency it provided, thus protecting against misannealing to non-
target molecules. Results from PCR involving Glomus mosseae 
revealed the largest amount of amplification products at an 
annealing temperature of 50 °C and 3.0 mM MgCl2 • 
Testing Specific Primers 
Gigaspora margarita 
Synthesized primers specific for Gi. margarita amplified the 
targeted DNA sequence. However, further analysis was performed by 
testing these primers against other fungal isolates to determine 
their degree of specificity (Figures 12 and 13). Annealing 
temperature and MgCl2 concentration were not changed. 
G/omus mosseae 
Primers specific for GI. mosseae amplified the targeted 
sequence in the genomic DNA and were also further tested by 
performing PCR on other fungal isolates (Figures 14 and 15). 
Optimized annealing temperature and MgCl2 concentration remained 
unchanged. A positive control as well as a blank was run on each 
agarose gel. Lane 11 of Figure 12 and lane 11 of Figure 14 indicate 
products of an amplification reaction containing 25 ng of genomic 









Figure 12. Testing of G. margarita primers against other fungal 
isolates. PCR products were separated electrophoretically and 
stained with ethidium bromide. Lanes 1-12 contain, from left to 
right, Gigaspora gigantea, Gigaspora albida, Gigaspora margarita, 
Entrophospora co/umbiana, Entrophospora sp., Acau/ospora spinosa, 
Acau/ospora rugosa, Glomus etunicatum, Glomus mosseae, 
Scutellospora heterogama, 25 ng of DNA template from all the 
isolates, and a blank containing no DNA template. Lanes HM, 
molecular weight marker of lambda Hind Ill digest (USB) having 










Figure 13. Additional testing of G. margarita primers' specificity 
against fungal isolates. PCR products were separated 
electrophoretically and stained with ethidium bromide. Lanes 
1,2,4,and 6 contain DNA template from various isolates of Glomus 
manihot; lanes 3,5,and 7-12 contain DNA template from Glomus 
clarum . . Lane 13 is a positive control reaction containing G. 
margarita template, and lane 14 is a blank with no template. Lanes 
HM, molecular weight marker of lambda Hind Ill digest (USB) having 










Figure 14. Testing of G. mosseae primers against other fungal 
isolates. PCR products were separated electrophoretically and 
stained with ethidium bromide. Lanes 1-12 contain, from left to 
right, Gigaspora gigantea, Gigaspora a/bida, Gigaspora margarita, 
Entrophospora columbiana, Entrophospora sp., Acau/ospora spinosa, 
Acau/ospora rugosa, Glomus etunicatum, Glomus mosseae, 
Scutellospora heterogama, 25 ng of DNA template from all the 
isolates, and a blank containing no DNA template. Lanes HM, 
molecular weight marker of lambda Hind Ill digest (USB) having 










Figure 15. Additional testing of G. mosseae primers' specificity 
against fungal isolates. PCR products were separated 
electrophoretically and stained with ethidium bromide. Lanes 
1,2,4,and 6 contain DNA template from various isolates of G/omus 
manihot; lanes 3,5,and 7-12 contain DNA template from G/omus 
clarum. Lane 13 is a positive control reaction containing G. mosseae 
template, and lane 14 is a blank with no template. Lanes HM, 
molecular weight marker of lambda Hind Ill digest (USB) having 
fragment sizes of 23130, 9416, 6557, 4361, 2322, 2027, and 564 
b.p. 
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Identification of Glomus mosseae in Infected Roots 
Final analysis of GI. mosseae primer specificity was carried 
out by testing on total DNA extracted from infected and uninfected 
roots. For PCR reactions, 25 ng of total DNA was used. The 
annealing temperature was held constant at 50 °C, and the MgCl2 
concentration remained at 3.0 mM (Figures 16, 18). A control 
reaction was performed containing sterile water in place of the DNA 
template. Reactions revealed amplification of the target sequence 
in the genomic DNA of Glomus mosseae. 
Identification of Gigaspora margarita in Infected Roots 
Uninfected roots and roots infected with Gigaspora margarita 
were also tested to determine the degree of primer specificity. 
Total DNA from the extraction protocol was quantitated by 
spectrophotometry and diluted to 25 ng. The annealing temperature 
of 55 °C remained the same, as well as the MgCl2 concentration of 
3.0 mM. Controls were performed and run on the agarose gels 
(Figures 17, 18). Products from amplifications support results that 
only the target sequence of the fungus was amplified in the presence 








Figure 16. Amplification of G. mosseae genomic target sequence 
from total DNA extraction of infected root. PCR products were 
separated electrophoretically and stained with ethidium bromide. 
Lane 6 contains a blank with no DNA template and 1-5 contain 
repetitions of the reaction containing G. mosseae specific primers. 
Lane HM, molecular weight marker of lambda Hind Ill digest (USB) 










Figure 17. Amplification of G. margarita genomic target sequence 
from total DNA extraction of infected root. PCR products were 
separated electrophoretically and stained with ethidium bromide. 
Lanes 1-4 contain repetitions of the reaction containing G. 
margarita specific primers, 5 is uninfected sweet corn DNA, 6 is 
uninfected field corn DNA, and 7 is a blank with no DNA template. 
Lanes HM, molecular weight marker of lambda Hind Ill digest (USS) 









Figure 18. Test of primer specificity against DNA from both 
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infected and uninfected asparagus. PCR products were separated 
electrophoretically and stained with ethidium bromide. GI. mosseae 
specific primers were used in lanes 1-4, and Gi. margarita primers 
in lanes 5-8. Lane 1 contains DNA from asparagus infected with G/. 
mosseae, lane 5 contains DNA from asparagus infected with Gi. 
margarita, lanes 2 and 6 are DNA from uninfected asparagus, 3 and 7 
are DNA from uninfected field corn, and 4 and 8 have no template. 
Lanes HM, molecular weight marker of lambda Hind Ill digest (USS) 




Identification of AM fungi based on polymorphisms in various 
cellular components has been attempted using a diverse range of 
methods. One such method is the use of isozyme analysis to detect 
diversity among proteins through identification of amino acid 
sequence differences. AM spores in symbiotic structures have been 
identified by isoenzyme patterns (Hepper et al. 1986), but there has 
been difficulty obtaining shared isoenzyme bands among AM fungi at 
the species level (Rosendahl 1989). 
Another method often employed for identification purposes is 
immunosorbence or immunofluorescence. These procedures require 
the use of an antibody specific to either an external or internal 
antigen from the fungus. Though the sensitivity is excellent, 
immunological methods are seldom specific beyond the sub-generic 
level (Wilson et al. 1983). Antisera react most strongly with their 
homologous antigens, but some cross-reactivity to heterologous AM 
fungi occurs (Aldwell 1983). Antibodies specific to an antigen of a 
spore often fail to produce positive results in the presence of the 
infecting hyphae alone (Wright and Morton 1989). This could prevent 
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positive identification of and distinction between the hyphae of AM 
fungi and the hyphae of non-related fungi. 
A method often employed to detect mycorrhizas utilizes 
staining techniques. Staining roots is a laborious process that can 
only detect the presence of and cannot reliably distinguish between 
hyphae of AM fungi and those of other fungi. Trypan blue is a 
common stain used to detect mycorrhizas, but it cannot distinguish 
between species of fungi in infected roots (Koske and Gemma 1989). 
Restriction fragment length polymorphisms (RFLP) are useful 
in identification of species and isolates of fungi. The technique 
utilizes DNA probes to hybridize to genomic target DNA which has 
been digested by restriction enzymes, revealing a banding pattern on 
a gel. The inability to culture AM fungi makes this technique 
unrealistic because of the amount of template required. Ellis (1985) 
reported that the amount of DNA needed for such an experiment was 
100 µg per species, requiring DNA isolation from approximately 
21,900 spores of G. versiforme for example (Viera and Glenn 1990). 
Until there is a more efficient way of propagating and isolating 
spores, this technique remains inaccessible. 
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Use of PCR with primers that amplify a portion of the nuclear 
gene encoding for the small subunit rRNA has been used to identify 
arbuscular endomycorrhizal fungi colonizing roots (Simon et al. 
1992, 1993, Bonito et al. 1995). These primers are commercially 
available or can be developed and synthesized to be family as well 
as genera specific, but lack the specificity required for positive 
identification of species or isolates in colonized roots. These 
primers are effective in confirmation of AM fungal colonization 
across a broad range of species (Bonito et al. 1995). To employ such 
a strategy, prior knowledge and availability of sequences is required 
from each species to be studied. Currently, there are only 12 
species for which sequence information is available (Simon et al. 
1993). 
Utilizing PCR, the identification of two isolates of AM fungi 
( Gi. margarita and G/. mosseae) in infected roots was successful 
using synthesized specific primers which allowed amplification of 
specific gene fragments in the presence of contaminating DNA's 
(Figures 16-18). These Sequence Characterized Amplified Regions 
(SCARS) were initially identified (Figure 2) through the use of 
arbitrary 10-mer primers (RAP Os) and subsequently cloned and 
sequenced. Previous amplifications of AM fungal spore extracts 
using the RAPD technique to detect DNA polymorphisms have been 
successful (Wyss and Bonfante 1993). 
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Reproducible banding patterns were observed for all species 
between approximately 200 and 1000 b.p., with larger and smaller 
products not consistently observed. The variation that occurred 
could result from inefficient extraction of DNA from AM fungal 
spores. Available protocols strongly suggest use of an ion-exchange 
resin (Chelex 100) followed by a number of freeze-thaw cycles 
(Simon et al. 1992, Wyss and Bonfante 1993). With the exception of 
an RNase treatment no further DNA washes or purifications are 
normally carried out before using the crude extract as a template 
for PCR. Thus, contaminating components present in the extract may 
decrease amplification efficiency by inhibition of DNA polymerase 
activity (Wyss and Bonfante 1993). The concentration of DNA 
polymerase determined to be optimal throughout this study was at 
least twice that normally used, which strongly suggests occurrence 
of contaminating components. 
Soil bacteria and other micro-organisms are known to colonize 
and contaminate the surface of AM fungal spores (Taber 1982). To 
59 
minimize the effect of possible contamination, a three minute 
immersion in 10% clorox bleach was performed. Initial analysis 
combined the surface sterilization procedure with the incubation of 
spores in 100 µg/ml of DNase I. This was done to ensure that 
contaminating DNA was not left as a residue on the spore surface 
following clorox (NaOCI) treatment. Either treatment or the 
combination of the two revealed no differences in amplification 
products. Scannerini and Bonfante (1991) report frequent 
occurrences of bacteria-like organisms (BLO's) in the cytoplasm of 
spores from pot cultures, as well as inside auxiliary cells of G. 
margarita. The presence of such BLO's could indicate elimination of 
surface bound contaminants does not ensure amplification of target 
DNA's. However, the probability of amplification of non-AM fungal 
DNA is very small because the amount of contaminating DNA is 
minute compared to the amounts present in the numerous nuclei of 
AM fungal spores (Sanders et al. 1995). A DNA template that 
represents less than 10% of the total DNA present in the reaction 
mixture usually does not yield any amplification product (Wyss and 
Bonfante 1993, Michelmore et al. 1991 ). 
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Absorbance of total spore DNA content at 260 nm revealed a 
higher concentration per spore than previous estimations (Wyss and 
Bonfante 1993, Burggraaf and Beringer 1989, Viera and Glenn 1990). 
Prior estimations relied on approximations of nuclei number and 
amounts of DNA thought to be in each nucleus. Assuming the nuclei 
counts are reliable, the absorbance readings indicate a much larger 
concentration of genomic DNA per nucleus. Yields ranging from 0.1 
µg of DNA per spore from Glomus clarum to 1.3 µg from Gigaspora 
margarita were observed. Observations that spores contain surplus 
amounts of DNA per nucleus are consistent with the possibility of 
nuclear division proceeding in the absence of DNA synthesis during 
germination (Viera and Glenn 1990). 
Isolation and cloning of species-specific sequences generated 
from RAPD patterns led to development of specific markers for 
positive identification of Gi. margarita and GI. mosseae. The 
specific markers included incorporation of the 10-mer sequence. 
Computer analysis of the primer pairs revealed some initial 
homology between the 20 base and 27 base primers developed for 
Glomus mosseae, thus the reason for the 7 base difference, but 
calculated melting temperatures (Tm} for the primers remained 
similar. 
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Similarity in Tm's of primer pairs for a select species is very 
important because the specificity of a reaction is determined by the 
primers (Bruns et al. 1990). Calculated Tm's for oligonucleotides 
are normally 5 °C higher than the optimized temperature for 
annealing (Innis et al. 1990). This was exactly the case for primers 
synthesized for GI. mosseae, however, optimized annealing 
temperatures for primers of Gi. margarita were 2 °C lower than the 
calculated Tm. The annealing temperature of 55 °C was optimal for 
use of Gigaspora margarita specific primers and 50 °C was optimal 
for Glomus mosseae specific primers. The potential for decreased 
stringency at 50 °C for Glomus mosseae was eliminated because 
only reactions containing the target sequence were amplified. The 
stringency of hybridization was expected to be suitable at 50 °C 
(Clapp et al. 1995). Further optimization of MgCl2 concentrations 
showed that 3.0 mM MgCl2 was sufficiently stringent in both species 
to allow amplification of only target DNAs. 
This study has provided a diagnostic protocol using PCR and 
RAPD analysis for the specific identification of AM fungi in infected 
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roots. The results show that PCR, when used in conjunction with 
RAPD analysis, is an effective tool for the identification of AM fungi 
in otherwise intractable samples, and could prove a useful tool to 
aid fungal taxonomists. No prior knowledge of sequence information 
is required and the combined specificity and sensitivity make this 
approach excellent for the study of AM fungi, which presently cannot 
be cultured. This technique seems quite applicable to characterize 
the range of variation of several mycorrhizal associations. 
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